Monitoring surface albedo at medium-to-fine resolution (<100 m) has become increasingly important for medium-to-fine scale applications and coarse-resolution data evaluation. This paper presents a method for estimating surface albedo directly using top-of-atmosphere reflectance. This is the first attempt to derive surface albedo for both snow-free and snow-covered conditions from medium-resolution data with a single approach. We applied this method to the multispectral data from the wide-swath Chinese HuanJing (HJ) satellites at a spatial resolution of 30 m to demonstrate the feasibility of this data for surface albedo monitoring over rapidly changing surfaces. Validation against ground measurements shows that the method is capable of accurately estimating surface albedo over both snow-free and snow-covered surfaces with an overall root mean square error (RMSE) of 0.030 and r-square (R 2 ) of 0.947. The comparison between HJ albedo estimates and the Moderate Resolution Imaging Spectral Radiometer (MODIS) albedo product suggests that the HJ data and proposed algorithm can generate robust albedo estimates over various land cover types with an RMSE of 0.011-0.014. The accuracy of HJ albedo estimation improves with the increase in view zenith angles, which further demonstrates the unique advantage of wide-swath satellite data in albedo estimation.
Introduction
Surface shortwave albedo, defined as the ratio of the reflected to the incident solar shortwave radiation at the Earth's surface, is one of the key parameters in surface energy budget studies [1] [2] [3] .
With advancement in the remote sensing techniques over the past several decades, land surface albedo algorithms have been developed for many remote sensing platforms [4, 5] . Coarse resolution (>300 m) satellite albedo products have been widely used for climate modeling and weather forecasting purposes. However, their uncertainties remain a critical issue, preventing a refined understanding of anthropogenic effects on global climate change, particularly over middle-to high-latitude winters [4] . Due to the scale differences between satellite pixels and footprints of ground measurements, data at finer spatial resolutions are needed to bridge the gap over heterogeneous landscapes for a better understanding of uncertainties of coarse-resolution products [6, 7] . Moreover, there is an increasing need for the availability of medium-resolution surface albedo for applications at medium-to-fine scales (<100 m), including forest management [8] [9] [10] , agriculture monitoring [11] , and urban environment monitoring [12, 13] .
China launched two HuanJing (HJ) satellites in September 2008, carrying 30-m resolution multispectral optical sensors similar to Landsat but with swaths that were nearly two times larger, with a revisiting frequency of four days, bringing an opportunity of monitoring surface conditions as a supplementary source to the existing satellite products. The radiometric calibration for HJ data [14] [15] [16] allows for many quantitative remote sensing applications monitoring vegetation, atmosphere, and water bodies [17] [18] [19] [20] . Thanks to their wide swath, HJ sensors observe the Earth's surface with view zenith angles up to 35°, making it possible to obtain some angular information for surface Bidirectional Reflectance Distribution Function (BRDF) retrievals, which is not available from the nadir-viewing Landsat sensors. With high spatial and temporal resolutions, HJ data can serve as a key supplementary source for monitoring the surface radiation budget and calibrating coarse resolution data.
Effects of surface BRDF on the satellite observations are prominent and have been extensively studied [11, 21] . Failure to correct these effects could lead to errors up to 60%, which could be deleterious for applications that require accurate and consistent satellite-derived information [11] . To satisfy the need for medium-resolution albedo products, efforts have been made to derive surface albedo utilizing space-borne and airborne sensors [6, [22] [23] [24] . Limited by the low revisiting frequency of medium-resolution data, the temporal composite method developed for coarse-resolution data (e.g., [25] ) cannot be applied without enough angular samples of surface BRDF. To overcome this limitation, a few algorithms have been developed through using ancillary information on surface BRDF to normalize the surface reflectance after atmospheric correction to obtain surface albedo, which relies on concurrent high-quality coarse-resolution data and is particularly effective for dense vegetation [23, 26] . Particularly for HJ data, Gao et al. [27] refined the algorithm originally proposed by Shuai et al. [22] using the surface BRDF information from coarse-resolution products and land cover maps to convert surface reflectance to albedo. However, the availability of concurrent high-quality clear-sky coarse-resolution BRDF data significantly limited the application of these methods, particularly over rapidly changing surfaces. In order to estimate surface albedo from Landsat without concurrent coarse-resolution data, Shuai et al. [23] proposed an algorithm for forest albedo estimation using a look-up table derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) surface BRDF product [25] relying on the forest disturbance inventory information, which achieved a low root-mean-square-error (RMSE) of 0.016 (~15%) over six forest sites of AmeriFlux.
Existing algorithms designed for medium-resolution data are mainly limited by the availability of concurrent coarse resolution data or ancillary information used to infer the shape of surface BRDF, which is not ideal for cases with rapidly changing surfaces (e.g., ephemeral snow and harvest) or for cases with lack of high-quality ancillary information. In addition, none of these previous efforts have attempted to estimate surface albedo under snow-covered conditions. A series of approaches that directly link surface albedo with top-of-atmosphere (TOA) observations based on statistical relationships built from radiative transfer simulations can therefore be utilized for broadband albedo estimation using one single multispectral observation under such conditions [24, 28, 29] . Unlike the methods that rely on the concurrent coarse resolution data, this type of approach treats the surface BRDF as a priori knowledge in the radiative transfer simulations; this surface BRDF information can be extracted and synthesized into a database from the MODIS data [25] . This type of approach has been successfully applied to coarse-resolution data; however, it has never been attempted or validated using medium-resolution data.
The main objective of this study is to demonstrate the feasibility of the HJ satellite charge-coupled device (CCD) data to be used for albedo monitoring under various surface conditions based on the direct estimation approach adopted and refined from Wang et al. [29] and a surface BRDF database extracted from MODIS products. In this paper, brief introductions of HJ data as well as the methodology are given in Section 2, followed by an analysis of validation against ground measurements and MODIS albedo product in Section 3.
Data and Method

Chinese HJ Satellite Data
On 6 September 2008, China launched two HJ satellites, namely HJ-1A and HJ-1B, each consisting of two CCD cameras. Each CCD camera has a swath of ~360 km with four spectral bands (Table 1) similar to the spectral bands of Landsat data in the visible and near-infrared range. With a total of four wide-swath CCD cameras onboard the HJ satellite constellation, the revisiting frequency is reduced to four days. However, to conserve power the HJ data is mainly collected over China. For other regions, the cameras are programmed to obtain data at different time periods according to specific needs. The Level 2 HJ data were used in this study with radiometric calibration and systematic geometric correction, which were processed and distributed by the China Centre for Resources Satellite Data and Application (CRESDA). The Level 2 data is projected to the Universal Transverse Mercator (UTM) projection. Digital numbers and radiometric calibration coefficients are provided in the data for the calculation of TOA reflectance. The radiometric calibration accuracy is about 5%-8% with respect to Landsat data [14] . In this study, about 130 scenes of HJ data obtained during 2009-2014 were collected from CRESDA with satellite overpass ground stations within the US for validation purposes.
Due to the lack of accurate ground control points outside China, the Level 2 data suffer from georegistration errors up to a few kilometers, particularly for the data acquired by the two CCDs onboard HJ-1B satellite. Manual georeferencing was carried out on all the data to make sure the pixel level geolocations reach an error within ±30 m. 
MODIS Surface BRDF Products
Surface BRDF information has been available from the MODIS sensors onboard Terra and Aqua satellites since the year 2000. The basic principle of the MODIS algorithm is that by collecting the atmospherically corrected surface reflectance within a 16-day period the surface BRDF can be determined by the majority of either clear-sky snow-free or snow-covered observations [25, 30] . The MODIS products include surface BRDF parameters and the corresponding data quality that can be used for calculating surface white-sky albedo (independent of solar zenith angle) and black-sky albedo for any given solar zenith angle for each of the seven MODIS land bands and three broadbands. The MODIS products are updated every eight days and available at a nominal 500-m spatial resolution globally. In this study, the good quality 500-m surface BRDF parameter products (Collection 5) of the spectral bands and shortwave broadband were used.
Flux Tower Measurements
Ground measurements of surface upward and downward shortwave radiation are available from the AmeriFlux and Surface Radiation (SURFRAD) networks ( Figure 1 ). Data from AmeriFlux sites are measured and recorded every half hour. SURFRAD sites record data every minute. Ground albedo data from these networks are calculated as the ratio of upward to downward radiation averaged within the ±30 min window of HJ satellite overpass. After a cross-check of the HJ data with the ground measurements, clear-sky data from 26 sites in the AmeriFlux network and six SURFRAD sites were included in the validation. These sites cover a variety of land cover types and climate regions.
To match the footprints between the ground measurements and satellite pixels, the actual footprints of the flux towers were calculated, taking into account the instruments' nominal height and field-of-view [31, 32] .
Albedo Direct Estimation
The basic principle of albedo direct estimation originated from Liang et al. [33] by linking surface broadband albedo (α) with TOA spectral reflectance (ρi):
where ρi is the TOA spectral reflectance for band i ∈ 1, , and ci and c0 0 c are regression coefficients as a function of sun-sensor-target geometries.
To establish such statistical relationship, the 6S radiative transfer codes [34] were employed to simulate TOA reflectance under various atmosphere and surface conditions. Configurations of atmospheric conditions and geometries are listed in Table 2 . To account for the effects of surface BRDF on TOA observations, prior knowledge of the surface BRDF is needed as the input to train the statistical relationship, which however is not yet available for the manner of HJ spectral bands. Employing the legacy from the MODIS surface BRDF product [25] can help solve this problem. However, due to the difference in the band design of HJ CCD and MODIS sensors, directly applying MODIS data to HJ bands may lead to errors. A total of 245 surface albedo spectrum samples collected from the US Geological Survey (USGS) and Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) spectral libraries, including samples of vegetation, soil, rock, water, snow, and ice, were used to evaluate the impacts band differences of the two types of sensors on spectral albedo [31] . The surface albedo spectrum data and the sensors' spectral response functions were used to calculate the albedo of the spectral bands through convolution integration. Figure 2 shows the difference of surface spectral albedos estimated for the two types of sensors. The results demonstrate that errors originated from the band differences are not negligible with RMSEs ranging from 0.007 to 0.021. The errors will propagate into the broadband albedo estimation. Thus, it is necessary to convert the MODIS data to HJ bands considering the band differences. In order to further mitigate the uncertainty in the band conversion process, the other three MODIS land bands were included, namely Band 5 (1.23-1.25 µm), Band 6 (1.63-1.65 µm), and Band 7 (2.11-2.16 µm). The convoluted integrals of HJ spectral albedos were regressed against those of MODIS spectral albedos. Stepwise regression was used for each of the HJ bands to remove unnecessary MODIS bands in the conversion. Linear regression equations are as follows: 
With the help of linear regression, the uncertainties due to band differences ( Figure 2 ) have been significantly reduced with RMSEs ranging from 0.003 to 0.007 (Figure 3) . The reason why the linear regression was used here for band conversion is because of the linear nature of the BRDF kernel model used by MODIS. One thousand high-quality samples of surface BRDF from the MODIS albedo product (MCD43A) were randomly collected over North America for different seasons and land covers including vegetation, soil, and snow samples. Quality checks on the BRDF data were carried out to ensure that only the data flagged with the highest quality were selected and the directional reflectance calculated from the BRDF parameters for all the viewing geometries fell into valid data range [35, 36] . Each set of samples contains the spectral and broadband kernel parameters. Having converted the surface kernel parameter data to HJ bands following Equations (2)- (5), radiative transfer simulations were carried out to simulate the HJ TOA reflectances. Surface shortwave broadband albedo was calculated from the broadband kernel parameters with given viewing geometries. Regression coefficients in Equation (1) were estimated based on the simulated TOA reflectance and surface albedo on an angular-bin basis (Table 2) , which were then applied directly to the actual HJ TOA reflectances. An example of the linear regression performance based on the simulated data is shown in Figure 4 . The theoretical uncertainties of using HJ TOA reflectance to estimate surface broadband albedo can be constrained within ±0.025, which indicates the feasibility of using HJ TOA reflectance data to estimate surface broadband albedo. The accuracy of black-sky albedo estimation is similar to that of white-sky albedo estimation under the same viewing geometries, which improves with the decrease in solar (view) zenith angle. One interesting finding is that under the same set of solar zenith angle and view zenith angle, angular observations sampled close to the perpendicular plane (relative azimuth angle = 90°) can lead to an improvement in albedo estimation over those sampled close to the principal plane (relative azimuth angle = 0° or 180°), particularly for larger solar zenith angles; however, the improvement is not significant.
(a) (b) Figure 4 . RMSEs of using simulated HJ TOA reflectance (view zenith angle = 25°) to estimate surface broadband shortwave albedos: (a) black-sky albedo; and (b) white-sky albedo.
Results and Discussion
Validation against Ground Measurements
Validations at AmeriFlux ( Figure 5 ) and SURFRAD ( Figure 6 ) sites were made using all available clear-sky HJ data and ground measurements. Results from both networks show negligible bias (within 0.003) and high determination coefficients (R 2 : 0.88-0.98). The RMSEs are well constrained within 0.024-0.033 considering that this approach can also estimate snow-covered albedos. Combining results from the two networks the RMSE and R 2 are 0.030 and 0.947, respectively, for all the cases; while the RMSE and R 2 drop to 0.029 and 0.618, respectively, for snow-free cases. We also found that reducing the resolution of solar zenith angle in the look-up tables (Table 2) to 20° would only cause slightly worse results, with an increase in RMSEs of less than 0.002.
The effects of surface BRDF on the remotely sensed signals were corrected through the incorporation of the BRDF database into the radiative transfer simulations. In Figure 7 , the relative estimation errors seem to be randomly distributed with solar zenith angle and view zenith angle, which indicates that the estimation biases do not have any significant relationship with the geometries over various types of land covers. Figure 7 also shows that the absolute errors tend to decrease with the increase in view zenith angle, which demonstrates the potential of improving the albedo estimation from the wide swath HJ data; however, more data are needed before any solid conclusions can be made. Because surface albedo is strongly correlated with land cover type, it is therefore useful to further examine the results by breaking down the validation samples into different land covers, namely forest, grassland/cropland, and open shrub/woody savanna ( Table 3 ). The forest sites observed low surface albedo and often high landscape homogeneity. Thus, surface albedo estimation achieved the lowest bias and RMSE at the forest sites among the three land cover classes. As the vegetation canopy fraction decreases, surface albedo gradually increases. Validation uncertainty of surface albedo can be affected by the increased surface heterogeneity as a result of different combinations of vegetation and background soil fractions. Albedo estimates at the grassland and cropland sites were found to have a slight negative bias of 0.018 compared with the ground measurements. At the same time, an overestimation of 0.022 in albedo is associated with the sparsely-vegetated sites. The validation results shown here agree well with the finding in an earlier study that focused on MODIS albedo products, which demonstrated the albedo overestimation at woody savanna sites and underestimation at grassland and cropland sites [37] .
Figure 7.
Relationship of relative estimation error in shortwave albedo and sun-sensor-target geometries. 
Comparison with MODIS Albedo Product
To further demonstrate the ability of the proposed algorithm using HJ data in albedo estimation, a comparison was made between the albedo maps from HJ data and 500-m MODIS albedo product (MCD43A). Due to the difference in acquisition time of the two satellite series, the white-sky albedo was chosen for comparison, which is theoretically independent of solar zenith angle and thus acquisition time. The black-sky albedo included in MODIS product was generated with solar zenith angle at noon local time; thus, in order to compare the black-sky albedo from HJ data with MODIS product, the black-sky albedo was calculated from MODIS BRDF parameters with the HJ overpass solar zenith angle. Because MODIS albedo products are generated based on a temporal composition approach, their albedo values represent the dominant surface conditions within the 16-day composite window under clear-sky conditions. Thus, the comparison was made for data obtained in later summer to reduce the impact of surface changes as well as covering a variety of land cover types including forest, cropland, grassland, and urban areas (Figure 8 ).
Manual georegistration was carried out on the scene using the Level 1T Landsat images (standard terrain correction) downloaded from USGS. A second-order polynomial transformation function successfully reduced the geolocation error from kilometers in the original Level 2 HJ data to within ±30 m compared with Landsat data. The MODIS albedo products were reprojected to UTM projection The white-sky albedo maps from the two datasets (Figure 8a,b) show similar patterns of albedo spatial distribution in general, while much more detail of spatial variation can be found in the HJ albedo map. Figure 8c shows that the albedo derived from HJ data agrees well with the high-quality MODIS product, with a negligible bias of 0.004 and an RMSE of 0.014 (about 10.6% in relative value). The comparison of black-sky albedos (Figure 8d) shows improved results over that of white-sky albedos with a bias of 0.002, RMSE of 0.011, and R 2 of 0.650, which agrees well with the statistics shown in Figure 4 and suggests that with HJ's limited angular sampling the black-sky albedo is more accurate than white-sky albedo. Accompanied by the low signal-to-noise ratio (SNR), some significant striping noise is visible in part of the HJ data, which contributed to the errors found in the comparison. In addition, the adjacency Among the same data shown in Figure 8 , the albedo data for the forest pixels were extracted based on the land cover map from the National Land Cover Database 2011 (NLCD 2011) [38] and their relative albedo accuracies against MODIS products were plotted in Figure 9 . The HJ albedo estimation generally improves by more than 5% as the view zenith angle increases, which is similar to the findings from the validation against ground measurements (see Figure 7) . At the same time, the bias remains stable relative to the relative RMSE (RRMSE) in HJ albedo. The RRMSE keeps decreasing until the view zenith angle reaches 20°, although most of the decrease occurs when the view zenith angle becomes larger than 5°. Nevertheless, this demonstrates the unique advantage of wide-swath satellite data in capturing the surface BRDF information and thus the albedo estimation compared with nadir view satellite sensors. Figure 9 . Relationship between HJ white-sky albedo estimation accuracy compared with MODIS product and view zenith angle for forest samples: bias and RRMSE. RRMSE is calculated as the ratio of absolute difference in HJ albedo and MODIS albedo to MODIS albedo.
Summary and Conclusions
This paper proposes an algorithm that directly estimates surface albedo from TOA observations acquired by HJ satellites by incorporating a MODIS-based surface BRDF database into the radiative transfer simulations to correct the angular effects. Validation against ground measurements shows that the proposed algorithm is capable of producing accurate surface albedo over both snow-free and snow-covered surfaces with an RMSE of 0.030, which suggests the feasibility of using HJ data for medium-resolution surface albedo monitoring and coarse-resolution data evaluation. Both validations against ground measurements and MODIS albedo products indicate that the accuracy of albedo estimation improves with an increase in view zenith angle as a result of the large field-of-view of HJ sensors, which further demonstrates the unique advantage of HJ data in the albedo estimation compared with other medium-resolution sensors. 
